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FOREWORD 

This report was prepared by thm University of Brussels,  Belgium, 

under U3AF Contract No, AF 6l(052)-225.    The  contract  v;as  initiated 

under Project No.  7350,   "Refractory Inorganic Kon-Metallic Materials«* 

Task i»o,  735001,   "Ceramic  and Cermet Materials Development,"    The vork 

was administered under  the direction of the Directorate of Materials 

and Processes, Deputy for Technology, Aeronautical Systems Division, 

Wright-Patterson Air Force  Base,  with Mr»  F. '7, Vahldiek acting as 

project  engineer. 

This report  covers work conducted  from March i960 to March I961, 

WADD  Technical Report   60-7^2,  Pert I  and   Fart  II,  have  already 

been published.  Part III  and Part V are  in preparation, with Part IV 

to  follow when it   becomes  available. 

The  authors are grateful to Professor Paul Goldfinger for his 

great help and encouragement,    Dr,  Jean Drowart aided  us with 

several  useful  conversations.     Part  of the  equipment   has  been made 

available   by the Comit^   Beige de Spcctrometi ie  de Masse  (I,R,S,I.A,), 



ABSTFiAJT 

The molecules Au-Jr and Au-Pd  have   been   identified.     From the 

date for the reaction ^U2 + X = Aul-'  + Au,   and DQ(AUO)   = 5^»5 kcal/jiiole: 

D^CAuCr)  = 50.4  - 3*5 kcal/mole 

D°(ATiPd)  =33.3   -5     kcal/mole 

PÜBLIQATIOW RZVTEW 

This report  has  been revievred and   is  appi-oved, 

FCR  TiE,  COi.ii AI.DLR: 

tf.   G. 
Chief,   Gerai.iics  and  Graphite  Branch 
Directorate of Materials  and  Processes 
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INTnonuCTION 

Many   gaseous molecules  containing  only  "metal"   atoms 

are   known  and   their   spectroscoriic   and/or   thcrmodvnami c 

properties  measured . 

(1) G.   Ilerzberg,   Spectra   of   Hiatomic  Molecules,   (Van   Nostrand, 

New-York,   1945). 

(2) M.G.   Inghram  and   J.   Drowart,   in  High   Temperature 

Technology,   Proceedings   of  an   International   Symposium: 

(Mc   Graw Hill,   New-York,   I960). 

(3) Ackerman,   Stafford   and   Orowart ,   J.   Chem.   Thys.   33,   1781 

(i960)   and   references   cited   therein. 

However,   among  allthese  molecules,   there   are   none   containing 

transition  element  atoms.   This  has   instigated   an  investigation 

on   the   stability   of   the   homonuclear   diatomic   transition metal 

molecules. 

(4) 

(4) Verhaegen, Stafford, Goldfinger and Ackerman, XVIII th 

International Congress of Pure and Applied Chemistry, 

Montreal, August, 1961; 

This study indicates special interest in molecules with Cr 

and Pd because of the experimental conditions on the one 
5 1 

hand, and their unusual electronic configurations (d s  and 

d  ) on the othe r. 

The present work reports T) • (AuCr), D • (AuPd), and 

measured upper limits of T)   "   of Cr_ and Pd0. 
') c. i- 

Manuscript  Released by the Authors  «ugust   I96I for   publication 
as  an AijiJ rechaical Report. 



SXPLRIMZNTAL. 

The general experimental set up and procedure already 

have been describedv ' '. Samples were prepared in situ by 

melting together weighed quantities of the 99.9^ pure metals 

(5) Ackerman, Drowart, Stafford and Verhaegen, J. Chem. Phys. 

0000 (preceding article). 

in such proportions as to give approximately equal partial 

vapor pressures. The samples were contained in either alumina 

or   spinal crucibles    placed in a molybdenum Knudsen effusion 

Cell; effusion orifice to sample surface area was about 1 : 50, 

(6) Degussit Al 23 or Sp 23, Degussa, Hanau. 

EXPERIMENTAL DATA. 

+ ~ + ,-,.+  ++ ^ ++   „ + Ions corresponding to Au ,Cr ,Pd ,Au  ,Cr  ,AuCr »and 
+ 

AuPd  were observed and identified by means of isotopic 

ratios. When ionized by nominal 70 eV electrons, l(Cr  )/ 

l(Cr ) was observed to be 0.06. Using the ratio of secondary 

multiplier efficiencies )f(Cr )/ lf(Cr  ) = 0.5^   we have 

g-  (Cr —* Cr  )/ CT (Cr —~  Cr+) «. 0.03 

(7) R.E. Fox, J. Chem. Phys. , 33, 200 (i960) 



Table T presents for the systems An—Cr and Au—Pd 

the measurer] ratios of ion intensities, corrected for 

iaotore ratios and for ionization and secondary multiplier 

efficiencies. The first column gives the number of the 

experiment and the index of point (the data are arranged 

in order of increasing temperature): the second column 

the absolute temperature: the third the equilibrium constant 

for the reaction. 

X + Au2 = Au X + Au    A'!-« (l) 

where X is Cr or Pd; the fourth column, H 0(AuX) = 

0 ^V   ^ 0 

Fig 1 shows log  [l(Cr+)l(Au+)T/l(AuCr+)J as a function 

of 10 /T, where I is the ion current in arbitrary units and 

T the absolute temperature. 

Table II gives data for calculating upper limits for 

^ 0(Cro) and T) •(Pdg) . In this case, the third column is 

the equilibrium constant for the reaction : 

Xs(g) = X(g) + X(s, 1)   ^I0
9(a) (la) 

The fourth column gives D • (X ) = AH »(a) + AH" (vap.X) 



TREATMENT OF EXPERIMENTAL DATA 

The enthalpy change at 0oK, ^r»* for   reaction (l) was 

calculated using the relation 

A;i0» = - RTln [ I(AUX+)I(AU+) CT J' (Au,,)«-^ (X)/ l(Au2
+)l(X + ) 

0-y(AuX)<rr (Au)J 
- T ^[(F« - H0»)/T) (2) 

nrhere the symbols have the some meaning as in the j:receding 
(5) article   . For reaction (la) the appropriate equilibrium 

constant and A(fef) were substituted in the right hand 

side of Eq . (2) . 

Values for the relative ionization cross sections were 

taken from Otvos and Stevenson^   except that of Au which 

was determined previously   . As a check on the calculations 

for Cr, 

(8) J.W. Otvos and D.P. Stevenson, J. Am. Chem. Soc . , 7_f<, 

346 (1956) . 

the quotient tf—J'(Cr)/j-} (Au) was calculated from data for a 

quantitative vaporization of an alloy containing 219 mg Au 

and 61.4 mg Cr. We use the relation 

<rr(A)s> = (s/G)(M/2nR)l/2 ItT(x)T
l/2 At (a) 

where S' is characteristic of the instrument; s the effective 

area of the effusion orifice; G the number of gramp 01 material 

evaporated; R the gas constant; T the absolute temperature 

and At the time increment. 



In the case of a simuILanoous vaporization,S' and s cancel. 
(3) Using the previously determinefi   values of the secondary 

electron multiplier efficiency j) , the calculated ratio 

ST  (Cr)/ (j-(Au) is a factor of  1.5 - 0.4 lower than the value 

inferred from Otvos and Stevenson. 

As the difference is just on the limit of being significant, 

the relative cross section given by the latter authors was 

u sed . 

For the diatomic molecules it was assumed that the cross 

sec ti on the   sum   of   cross   sections   for   the   atoms 

Free   energv  functions   for   the   gaseous  atoms  were   taken 

from   the   compilation   of   Stull   and   Sinkf1 

(10) 

» Those of Che 

diatomic molecules were calculated 

i nteratomi c, 

using the estimated 

(9) G.C. Stull and T).n.   Sinke "Thermodynami c Properties of the 

F,lements." (American  Cliemical Society, Washington T.C. 1956) 

(10)K.S. Pitzer, 'Quantum Chomis'.-ry" (Prent i ce-Mal 1 Inc.) 

Englowood Cliffs, New Jersey, 1933. 

distances, vibration frequencies and electronic multiplicities 

given in Table III. Although there are numerous empirical 

formulae    relating internuclear distance and vibration 

frequency, 

(ll) See survey by E. Clemeuti, Ann. Chimi. 50, 518 (i960) 

the necessary parameters are not available for the type of 

molecules studied here. The interatomic distances used are 
( I?) those given bv Paulinfr    . The vibration frequencies for 

the asvmetric molecules were calculated using 



(12) L.   Pauling,  J.   Am.  Chem.   Soc.,   69,   542   (1947);   "The 

Nature  of   the   Chemical  Bond",  Cornell   University  Press, 

New-York   (1960) 

Gordv's correlation between  electronegativitr,   inter- 

atomic  distance   and   force   constant. 

(13) W.   Gordy.J.   Chem.  Phys., J_4,   305   (l94ß) 

For Cr_ and rd0 the frequencies were chosen arbitrarily in 

keeping with the electronic configuration of the atoms : 

d:>s1 for Cr and d10 for Vd^ *'. 

THE DISSOCIATION ENERGIES 

This is believed to be the first observation of the 

molecules AuCr and AuTd. The measured dissociation energies 

are given in Table I, the final results being 50.4 - 3.5 and 

33.3 - 5 kcal/mole for AuCr and AuTd respectively. These 

are based on the value 0 '(Aup) = 51.5 -2.2   kcal/mole. The 

absolute uncertainties are estimated using the following 

figures. 

A 20 ^ error in internuclear distance or 30 % error 

in vibration frequency causes 1.2 kcal/mole error i n T) • 

calculated from measurements made at 1,700° K. 

X 70 %  uncertainty is admitted in the ionization 

section and secondary electron multiplier efficiency rates. 

An uncertainty of 40* possibly exists between the temperature 

measured at the blackbody hole and that which determines 

the equilibrium in the cell. Uncertainty in D 0 arising 

from uncertainty in the multiplicity of the ground and low 

lying electronic levels mar be quite significant in molecules 

formed from atoms with many unpaired electrons. The calculated 

dissociation energies may be corrected easily when the 



necessary data become available, noting that the multiplicity 

m of the ground electronic state enters into D • as RT In m. 

If the uncertainty in ra is a factor of two as it may well be 

for AuCr, the resulting uncertainty in D • measured at 1700*K 

is 2.3 kcal/mole. 

From the slope obtained from Fig. 1, and estimated heat 

capacities, the'^ecom'. law" D "(AuCr) is calculated to be 

52.6 kcal/mole. The result is in good agreement with the 

"third law" value from Bq.(1). In view of the well known 

uncertainties in the"second law" measurements made at high 

temperatures, it is not considered advisable in this case 

to use comparison between the second and third law to give 

information on the electronic entropy of AuCr. 

The measured upper limits of the partial pressures of 

Crp(g) and Pd_(g) presented in Table II give upper limits of 

^0 of 10 and 33 kcal/mole respectively. These values are 
fo   iA\ 

calculated using AHe(var, Cr) = 95. J v '   and AIIrt"(vap ,rd) = 

St.5^1!5'16'kcal/mole. 

(14) O.Kubaschewski and G. Ueymer, Acta Meta., S  416 (i960) 

(15) Selected Values for the Thermodynamic Properties of 

Metals and Alloys, Minerals  Research Laboratory, 

University of California,Berkeley, 1960. 

(16) J.F. Haefling and A.M. Daane , Trans. Met. Soc . AIME, 212 

115 (195-) . 



DISCUSSION 

In both AuCr and AuPd, the forces which cause bonding 

are considerable and give rise to appreciable bond energies. 

The 18 kcal/mole difference in the bonding energy between 

AuCr and AuPd may be correlated with the ground electronic 
5  17 

configuration of Cr and Pd atoms. Chromium (d  s ,  S) has 

an unpaired s electron which may combine with the s electron 

of Au (d   s ,  S), whereas Pd (d  ,  S) has a quasi-rare 

gas configuration and bonding is due presumable to interactions 

with excited states. In keeping with the availability of low 

lying excited levels of Pd, this interaction is quite effec- 

tive compared to that in molecules containing Au and other 

closed sub- shell atom such as Ca or Mg. The dissociation 

energies of AUyCa^and AuMg are appreciablj lower, of the order 

of 20 kcal/mole^17^ 

(17) J. Schütz, Compt. Rend. 252, 1750 (l96l) 

J. Ruamps, Ann. Phys. 134, 111] (1959) 

The greater stability of AuCr relative to AuPd is 
(li) expected also on the basis of a relation of Paulingv 

which states that single bond energy of XY is the arith- 

metic mean of the single covalent bond energies of X- and Y 

plus an "ionic" contribution proportional to [X  (x) -  )((Y)J 

whore the ^ are electronegativities. On the basis of estimated 

electronegativity values, AuCr is expected to have much greater 

ionic stabilization than AuPd. However use of Fauling's relation 

to estimate the P 0 of the symmetric molecules Cr^ and Pd_ is 

not considered to be reliable. 





TABLE   1.     Measured Pressure  Ratios and  Calculated  Dissociation 
Energies  of  AuCr  and  AuPd. 

(AuX)p(Auy 
(Au9)p( Exp. T«K log 

X   ) 
kcal/mole 

AuCr 

3.8 1697 
3.12 1748 
3.7 1780 
3.13 1837 
3.6 1838 
3.9 1873 
3.14 1893 
3.10 1928 

15.7 1637 
15.1 1670 
15.6 1708 
15.2 1738 
15.8 1739 
15.9 1810 
15.3 1814 
15 V5 1831 
15.10 1895 

AuPd 
1.1 2013 

14.1 2045 

0.426 
0.450 
0.412 
0.514 
0.403 
0.447 
0.544 
0.465 

mean   of 

mean 

50.7 
50.8 
50.5 
51.3 
50.4 
50.8 
51.6 
50.9 

mean 50.9 
0.658 50.5 
0.101 48.2 
0.395 50.4 
0.214 49.0 
0.585 51.9 
0.541 51.6 
0.142 48.3 
0.240 49.1 
0.288 49.4 

mean 49.8 
all points 50.4 

1.08 33.2 
1.04 33.4 

33.3 

D  •   (AuX)   =   0   «(Aug)   -  AHy*   where   All   •   is  for   the   reaction 

Au0(g)   +  X(g)   =  AuX(g)   +  Au(g)   and  where   D   •   (Au-)   =   51.5   kcal/mole 

1C 



TABLE   II.      Limits  of   Pressure  Ratios   and   calculated 

Dissociation Energies  of  Cr^and Pdg 

System T»K log Px/Px2 D00(X2)* 

Cr 

Pd 

1909 

1920 

4.93 

3.55 

40 

32 

* D00(X2) = AH0»(vap.X) -All^ 

where AH • is for reaction X2(g) —» X(g) + X(s) and 

AH «(vap-Cr) = 95.5 kcal/mole and AH •(vap.Pd) = 84.5 kcal/mole 

11 



TABLE III.  Parameters Used for Calculation of Free Energy 

Functions of Diatomic Molecules. 

Molecule Vibration Internuclear Multipli- Relative 

frequency distance city cross 

section x 

Mult. Eff. 
-1 cm 

• 
A « 

Au 191 2.68 1 22.6 

AuCr 250 2.44 6 24.9 

AuPd 200 2.60 2 21.1 

Cr2 250 2.34 1 44.4 

Pd2 70 2.56 1 19.5 

12 


